Introduction tute for yeast IF2/eIF5B in vivo and in vitro (Lee et al., 1999 and data not shown). Protein synthesis in eukaryotes utilizes at least twelve
As a first step toward understanding the molecular distinct translation initiation factors (or eIFs), only two bases for the mechanism(s) of action of this universal of which are common to eubacteria and the archaea translation initiation factor, we have determined X-ray (IF2/eIF5B and IF1/eIF1A). Eukaryotic IF2/eIF5B was first structures of full-length M. therm. IF2/eIF5B in three identified in Saccharomyces cerevisiae (Choi et al.,
states: free enzyme, inactive IF2/eIF5B·GDP, and active 1998). Subsequently, IF2/eIF5Bs were detected in other IF2/eIF5B·GTP (using the nonhydrolyzable GTP analog eukaryotes (Lee et interactions with other components of the translation of the FUN12 gene dramatically impairs translation initimachinery are discussed. This work represents a comation both in vitro and in vivo (Choi et al., 1998). The plete structural elucidation (free enzyme, GDP-, and resulting severe slow growth phenotype can be comple-GTP-bound) of a GTPase that does not require a guanine mented by introduction of genes encoding human or nucleotide exchange factor. archaeal homologs (Lee et al., 1999 
Structural Overview
The ventral surface of IF2/eIF5B·GTP is illustrated in Figure 2 , showing bound nucleotide and a Mg 2ϩ counterion. The polypeptide chain consists of four domains arranged in the form of a molecular "chalice" (height 110 Å , maximum diameter 66 Å ). Domains I-III form the cup, connecting downwards through a long ␣ helix to domain IV, which forms the base. A similarity search using the Dali server (Holm and Sander, 1993) revealed no structural homologs, and we believe that IF2/eIF5B represents a novel protein fold. Structure-based amino acid sequence alignments of various eukaryotic, archaeal, and eubacterial homologs (Figure 1 ) demonstrate that conserved residues map to the G domain active site or the hydrophobic cores of each of the four globular domains comprising IF2/eIF5B, whereas insertions and deletions correspond to surface loops. We conclude, therefore, that the phylogenetically conserved core regions of all known IF2/eIF5B homologs share the threedimensional structure illustrated in Figure 2 .
The G domain (residues 1-225) shows significant structural similarity to p21 Ras , displaying the four conserved sequence elements characteristic of GTP binding proteins (Figure 1 ; G1/P loop, G2, G3, and G4) (Brock et al., 1998; Lee et al., 1999) . In IF2/eIF5B, the G domain is an eight-stranded ␤ sheet of mixed polarity (seven parallel and one antiparallel ␤ strands) flanked by six ␣ helices and a single 3 10 helix with overall dimensions of 40 Å ϫ 23 Å ϫ 34 Å . Secondary structural elements are arranged in order S1-H1-S2-S3-H2-H3-S4-S5-H4-S6-H5-H6-S7-S8-H7 within the primary sequence. The overall conformation of the G domain is similar among all three of our crystal structures (pair-wise ␣-carbon root-mean-square deviations or rmsds ϭ 0.3-0.7 Å ), with the exception of a single variable region (Asp76-Ala94) corresponding to the Switch 2 region (Figure 1 ; see below).
Domain II (residues 231-327) is a ␤ barrel (dimensions Table 1 Sequence numbering scheme corresponds to M. therm. IF2/eIF5B (GenBank Accession Code: gi17482858), with GTP binding motifs (G1, G2, G3, and G4) enclosed in red. Secondary structural elements are denoted as follows: ␣ or 3 10 helices, cylinders; ␤ strands, arrows; random coil, lines. Gray circles represent portions of the polypeptide chain that were not well resolved in the electron density maps. BLOSUM62 (Henikoff and Henikoff, 1992) sequence similarity is color coded using a gradient from white (Ͻ40% identity) to dark green (100% identity).
strands, arranged in order S9-S10-S11-S12-S13-S14-secondary structural arrangement of S20-H9-S21-H10-S22-H11-S23-H12 (Figures 1 and 2 ). ␣ helix (H12) packs S15-S16-S17-S18-S19 (Figures 1 and 2) . Despite relatively low amino acid sequence identities (17%-19%), against the dorsal face of the ␤ sheet, and then continues downward to connect to domain IV. To the best of domain II is structurally similar to the second domains of EF-Tu and EF-G (pair-wise ␣-carbon rmsds ϭ 2-2.4 Å ).
our knowledge, domain III represents a novel protein fold. The Dali server (Holm and Sander, 1993) revealed Three ␤ strands (S10, S11, and S19) are responsible for interacting with the G domain in the vicinity of Switch a maximum Z score of 6.0, corresponding to a fragment of an unrelated ␣/␤ protein (methylmalonyl-CoA mutase, 2, where they stabilize the relative orientations of domains I and II. There are no significant structural differ-PDB ID code 1req). There are no significant structural differences in domain III among our three IF2/eIF5B ences in domain II among our three IF2/eIF5B structures (pair-wise ␣-carbon rmsds ϭ 0.2-0.3 Å ).
structures ( 
Guanine Nucleotide Binding to IF2/eIF5B
Guanine nucleotides bind to E. coli, human, and M. barrel followed by two ␣ helices (dimensions 18 Å ϫ therm. IF2/eIF5B with much lower affinities than to other 32 Å ϫ 37 Å ) with a secondary structural arrangement
GTPases (K d ϭ 1-20 M). Amino acids involved in nucleof S24-S25-S26-S27-S28-S29-S30-S31-H13-H14 (Fig-
otide recognition and binding are largely restricted to ures 1 and 2). The ␤ barrel is structurally similar to dofour loops connecting secondary structural elements main II of IF2/eIF5B (pair-wise ␣-carbon rmsd ϭ 1 Å ) (G1/P loop, G2, G3, and G4; Figures 1 and 4) . Two of and to domains II of EF-Tu and EF-G (respective pairthese loops (G3 and G4) form the walls of a shallow wise ␣-carbon rmsds ϭ 2.6 and 3.8 Å ), despite low amino hydrophobic pocket in which the guanine moiety is acid sequence identities (Ͻ15%). At the C terminus of bound. The P loop between ␤ strand S1 and ␣ helix H1, IF2/eIF5B, two ␣ helices sit atop the ␤ barrel. ␣ helix with consensus sequence Gly-X-X-X-X-Gly-Lys-Thr H13 packs against the stem ␣ helix (H12) and the short (Gly12 through Thr19 in M. therm. IF2/eIF5B), particiconnecting loop that follows. The polypeptide chains pates in phosphate binding. In IF2/eIF5B·GDP and IF2/ for all known eubacterial IF2s end at a point that correeIF5B·GTP, both the ␣-and ␤-phosphate groups are sponds to the C terminus of ␣ helix H13. The final seccoordinated by the P loop via multiple main chain amide ondary structural element, ␣ helix (H14), packs against contacts with Gly17, Lys18, Thr19, and Thr20. Not surthe dorsal face of the ␤ barrel. The structure of the prisingly, the P loop is disordered in our free enzyme C-terminal domain of Bacillus stearothermophilus IF2 structure of IF2/eIF5B. The Switch 2 region between ␤ (Meunier et al., 2000) also reveals an EF-Tu-type ␤ barrel, strands S4 and S5 contains the Asp-X-X-Gly or G2 motif but lacks the two C-terminal ␣ helices (H13 and H14) (Asp76 through Gly79 in M. therm. IF2/eIF5B), which is seen in M. therm. IF2/eIF5B. There is no similarity beinvolved in binding of the active site divalent metal. tween domains III and IV of IF2/eIF5B and domains III Magnesium is an essential cofactor for GTP hydrolysis and IV of EF-G. Finally, there are no significant structural in all G proteins (Kjeldgaard et al., 1996) . In IF2/ differences in domain IV among our three IF2/eIF5B eIF5B·GTP, the catalytic Mg 2ϩ ion is situated in a cleft separating the GTP binding site from Figure 4C ). Downward residue ␣ helix moves 7.5 Å , when conserved Gly84 movement of Asp76 on GTP binding triggers a conforof the Asp-X-X-Gly Switch2/G2 motif disengages from mational change extending throughout Switch 2, which Asp87 (to which it is hydrogen bonded in EF-Tu·GDP) adopts an L-shaped structure starting at Asp76 of G2 to interact with the ␥-phosphate. (An analogous Gly conand initially running parallel to ␤ strand S1. Thereafter, tributes to nucleotide-induced conformational changes in the polypeptide chain makes a sharp turn at His80 top21 Ras [Kjeldgaard and Nyborg, 1992] ). In IF2/eIF5B·GTP, ward the dorsum of the molecule continuing as a short the equivalent glycine (Gly79) is 7.4 Å from the nearest helical turn (residues 82-86) followed by a loop (residues ␥-phosphate oxygen atom, effectively precluding direct 86-91) that runs almost perpendicular to the Asp-Thrcontact with GTP ( Figure 4B ). Pro-Gly motif ending at the dorsal face of the molecule. domain via hydrogen bonds with residues in ␣ helix ␣ helices H4 and H9 ( Figure 5 ). The long lever arm allows amplification of a small movement at the N terminus of H4. The most important interdomain contact residue appears to be invariant Glu113, which makes two hydro-␣ helix H12. A displacement of about 1 Å at the top of domain III translates into a movement of ‫6.4ف‬ Å at the gen bonds with the backbone amides of conserved residues Ile434 and Tyr435 ( Figure 6C) . Mutation of Glu413 base of the chalice. ␣ helix H12 swings as a rigid rod toward the ventral plane of the molecule. At its N termiin S. cerevisiae IF2/eIF5B (corresponding to Glu113 in M. therm. IF2/eIF5B) to Asp or Ala has no effect on IF2/ nus, ␣ helix H12 contributes to the hydrophobic core of domain III, making conserved hydrophobic contacts eIF5B function in vivo, but a Glu413→Gln substitution inactivates the yeast protein (data not shown). These with ␤ strands S22 and S23 ( Figure 6C ). Beyond residue 449, the surface of ␣ helix H12 is exposed to solvent data suggest that a cavity can be tolerated at this interdomain interface, whereas creation of a bad steric clash and consists of a stretch of charged residues (Glu-GluGlu-Lys-Lys-Lys-Lys). The short linker region connectbetween the side chain amino group of the Gln and the backbone amide at the N terminus of ␣ helix H12 ing ␣ helix H12 to domain IV contains conserved hydrophobic residues that contribute to a series of tight destabilizes the structure of IF2/eIF5B.
When GTP binds, Switch 2 moves down and toward the Amplification of GTP Binding Effects via Coupled
The movement of domain III is transmitted to domain interactions with the surface of domain IV. As a result, this C-terminal domain of IF2/eIF5B moves as a rigid IV through a 40 Å long lever arm (␣ helix H12), which pivots about the domain I-III hinge region composed of body coupled to domain III (pair-wise ␣-carbon rmsd ϭ 
